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Abstract—Biogas is generated through the anaerobic
digestion of organic biodegradable materials, such as food
processing waste. However, its utilization is constrained by the
presence of impurities, primarily carbon dioxide (COy),
hydrogen sulphide (H:S), and other gases found in tracer
amounts. Physical and chemical absorption techniques can be
employed to enhance the methane content of the gas above 97%.
In this study, sodium hydroxide was used for biogas purification
at concentrations of 2.5%, 5%, 7.5% and 10% in water. The
paper investigated the effect of solvent concentration, solvent
flow and gas flowrate on absorption and CO: and HaS
absorption. It was found that sodium hydroxide concentrations
ranging from 2.5% to 5% exhibited favorable absorption rates
and high removal efficiencies, greater than 95%, and depends
on the fraction of the reagent used. The Process Provision II
commercial simulator was employed for this study. The results
were correlated with the mass transfer capacity during the
absorption process, highlighting its potential application in
industrial processes for purifying biogas derived from anaerobic
digestion of organic material, particularly waste products.
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[. INTRODUCTION

The acceleration of urbanization and industrialization
processes, which involve the transformation of raw materials
into high value-added products, necessitates the development
of optimization studies to mitigate environmental impacts [1,
2]. Statistical data indicate that, on average, between 20% and
30% of Angola’s national production of grains, fruits, and
vegetables is wasted during the journey from farm to
consumer. Data on the type and volume of residual organic
matter produced in the industrial sector, communities, and
agricultural waste are scarce in Angola. Such waste,
classified as biomass with high nutritional value and potential
for pollution, can result in significant public health problems
if improperly disposed of in soils and water bodies, due to the
leaching of compounds. Consequently, the transportation for
final disposal and waste processing incurs significant costs
that are often not accounted for [3].

One of the most suitable strategies in this context involves
the application of environmental technologies for waste
processing, aiming to harness the potential of residual
biomass. This strategy focuses on the production of biogas
and biofertilizers for use in electrical and thermal energy
production processes, as well as agricultural production
processes. Such technologies involve the use of biodigesters,
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which are fermentation chambers designed for the anaerobic
or aerobic digestion of organic matter. Consequently,
biodigesters represent a technological alternative for waste
treatment and recycling, reducing pollution potential and
sanitary risks that may compromise public health [4-6].
Biodigesters are devices employed for the production of
biogas through the anaerobic decomposition of organic waste.
They are essentially comprised of a tank, with or without an
agitation system, where biomass is inserted for subsequent
anaerobic digestion. Biodigesters are installed underground
to minimize contact with atmospheric air and to reduce abrupt
temperature variations during fermentative processes,
thereby ensuring the stability of biogas production [7]. The
use of biodigesters in the processing of residual organic
matter not only minimizes improper waste disposal but also
produces biogas and biofertilizer, the latter being used as an
organic fertilizer in agriculture [8].

Anaerobic digestion aims to remove the polluting organic
load, reduce pathogenic microorganisms, and produce more
stable biogas and biofertilizers that are richer in assimilable
nutrients and have better sanitary quality [9]. The digestion
process involves a series of biochemical reactions resulting in
the production of biogas, primarily composed of methane
(CH4) molecules, with concentrations between 60% and 70%,
carbon dioxide (CO,), and hydrogen sulfide (H,S).
According to Cazier et al [10], biochemical and
microbiological studies have divided the process of anaerobic
decomposition of organic matter into four phases: (a)
Hydrolysis stage; (b) Fermentative or acidogenic stage, (c)
Acetogenic stage; and (d) Methanogenic stage.

During the hydrolysis stage, organic compounds,
particularly  proteins, fats, and carbohydrates, are
decomposed into amino acids, fatty acids, and sugars. In the
second stage, acidogenesis, bacteria transform the
compounds produced in the hydrolysis stage into volatile
fatty acids and other organic acids.

In the third stage of anaerobic digestion, acetogenesis,
bacteria convert the acids produced during the acidogenesis
phase into carbon dioxide (CO,;) and acetate through
oxidation. The final stage of the process, methanogenesis,
involves the conversion of acetate and carbon dioxide into
methane, which accounts for 60% to 70% of the produced
biogas [11]. The biogas generated can be used as fuel to
produce electrical or thermal energy. The anaerobic digestion
process entails the degradation and stabilization of organic
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matter, resulting in the production of methane, inorganic
byproducts (CO, and H,S), and biofertilizer (stabilized
organic matter) (Eq. (1)).

Organic Material + H, Anaerobiose — CH; +CO, +NH;
+H>S + Heat @)

The efficiency of anaerobic digestion is strongly dependent
on the operational conditions of the process, particularly pH,
temperature, Hydraulic Retention Time (HRT), substrate
composition, percentage of total solids, and the interaction
between the involved microorganisms. These parameters
directly affect the conversion rates and the quality of the
produced biogas, especially regarding the methane fractions
[12].

II. LITERATURE REVIEW

Biogas is characterized as a renewable energy source that
has garnered significant scientific interest due to its content
of short-chain hydrocarbon molecules, primarily methane
(CH,). The use of biogas in combustion processes aligns with
the principles of decarbonization, as it results in reduced
greenhouse gas emissions, proportional to the carbon dioxide
absorbed during the photosynthesis processes of biomass
production. As a biofuel, biogas is renewable and cost-
effective, suitable for the production of heat, electricity, and
chemical synthesis processes to produce high-value
chemicals. The typical composition of biogas produced by
anaerobic digestion is presented in Table 1.

Table 1. Normal biogas composition

Components Concentration
Methane (CH,4) 50%—75% (v/v)
Carbon Dioxide (CO,) 25%—45% (v/v)
Water (H,O) 2%—7% (v/v)
hydrogen sulfide (H,S) 20-20.000 ppm
Nitrogen (N,) <2% (V/V)
Oxygen (O2) <2% (V/v)
Hydrogen (H,) <1% (v/v)

Adapted from Miotti [9].

The calorific value of biogas produced by anaerobic
digestion is associated with the methane fraction present in
the gas mixture, due to the high energy potential linked to the
covalent bonds between the carbon and hydrogen atoms in
methane’s molecular structure. The calorific power of biogas
is directly proportional to the methane content, as methane’s
covalent bonds provide significant energy potential [13, 14].

The most common utilization of biogas or other biofuel
involves its combustion in energy generation systems to
produce electrical energy or its use in direct combustion
systems to produce heat [15—17]. Table 2 presents the energy
equivalence of 1 cubic meter of biogas compared to the
volume, in liters, of various types of fossil fuels.

Table 2: Biogas energy equivalent

1 m® of Biogas Unities
Gasoline 0.61 liters
Kerosene 0.57 liters

Diesel 0.55 liters
GLP 0.45Kg
Ethanol 0.79 liters
Firewood 1.538Kg
Electrical Energy 1.428 Kw

Adapted by Holm-Nielsen et al. [17]

Thus, it can be observed that the higher performance of
biogas is associated with the volume of fuel alcohol,
corresponding to 79%, and gasoline, accounting for 61% of
the consumption of 1 cubic meter of biogas. Therefore, to
ensure the efficient use of biogas, purification processes
should be implemented. These processes involve chemical
absorption, based on the principles of mass transfer in
absorption columns equipped with packings or trays. Physical
and chemical absorption processes involve a strong
interaction between biogas and an absorbent liquid, aimed at
transferring impurities such as CO, and H,S from the biogas
to the solvent. This interaction relies on mass transfer
phenomena by convection and molecular diffusion. The
primary advantages of this method are the reduced costs
associated with using water or reactants as solvents and the
lower operational infrastructure costs. In this process, biogas
is compressed and fed into the base of the absorption column,
where it rises and interacts with the descending solvent,
ensuring efficient mass transfer from the gas phase to the
liquid phase [18, 19].

The main solutes are transferred to the solvent through
dissolution in water and collected at the bottom of the
absorption tower, as chemical reaction products. The residual
product from the column base undergoes expansion to reduce
solubility and recover the absorbed gases, enabling solvent
recycling. The gas absorption process can achieve
performance levels greater than 98%, depending on the
throttling quotient, defined by the ratio between the solvent
feed flow rate (S) and the gas feed flow rate (F).

When absorption rates are low, chemical absorption is
implemented, involving reversible chemical reactions
between the solute and the solvent, necessitating solvent
regeneration to break these chemical bonds. Chemical
solvents often include aqueous solutions of amines or alkaline
salts such as sodium, calcium, or potassium hydroxides. For
CO, removal, potassium carbonate (K,CO3) is used, with the
gas introduced at the absorption column’s base and the
absorbing solution (20-30% by weight of K,CO3) injected at
the top. COy is released during regeneration by reducing the
pressure in the absorption column, with residual CO,
removed by injecting steam at the regeneration column’s
base [20].

Hydrogen sulfide (H,S), an impurity with variable
concentration in biogas, must be removed due to its corrosive
effects on metal components of compressors, storage tanks,
and engines, as well as its environmental impact. During
combustion, H,S converts to sulfur dioxide (SO,), which
reacts with water in the presence of light to produce sulfuric
acid (H,SO,). This gas can be effectively removed using
aqueous solutions of Fe/EDTA, as described in Egs. (2) and

(3) [21].
HaS (g) — HaS (aq) (2)
H,S (aq) + 2Fe**+ EDTA* — S| + 2H" + 2Fe*’EDTA* (3)

The catalytic solution of Fe/EDTA is synthesized in an
inert atmosphere due to the complexities involved in its
laboratory synthesis [22]. The biogas purification process
typically targets the removal of carbon dioxide (CO;) and
hydrogen sulfide (H,S), with methane (CH,) being the
primary desired component. When sodium hydroxide (NaOH)



International Journal of Chemical Engineering and Applications, Vol. 16, No. 1, 2025

is used as the absorbing solvent, specific chemical reactions
(Eq. (4)) occur, as described by Nathia-Neves et al. [6].
For carbon dioxide absorption reaction:

COx(g)+2NaOH(aq)—Na,COs(aq)+H>O(1) @)

The reaction involves the absorption of CO, by NaOH
solution, resulting in the formation of Na,CO; and water, as
described in Eq. (5). This reaction effectively removes CO,
from the biogas mixture.

For hydrogen sulfide absorption:

H,S(g)+2NaOH(aq)—Na>S(aq)+2H,0(1) (5)

This reaction (Eq. (5)) is crucial for removing H,S due to
its toxic and corrosive properties, thereby purifying the
biogas. Methane (CH,), the valuable component of biogas for
energy production, does not react with sodium hydroxide
under normal conditions and remains unaltered during the
absorption process. The overall goal of using NaOH in the
absorption process is to remove CO, and H,S from biogas,
improving its quality for combustion and energy generation
while retaining its methane content [23].

III.

For this work, studies were conducted using numerical
simulation with Process Provision II, a macroscopic
simulator that enables the evaluation of the operational
performance of the absorption column, particularly in terms
of mass transfer of the solute from the gas phase to the liquid
phase (Fig. 1).

To evaluate the parametric relationships, particularly the
ratio between the solvent flow rate and the gas feed flow rate
(S/G), these parameters were used to determine the operating
conditions that ensure the highest process performance in
terms of solute recovery for a given number of trays.

MATERIALS AND METHODS

Select the gaseous system
to be separated and the
respective solvent

Select the unit operation to
be used

Select the thermodynamic
model, the feed conditions,
the specifications of the
outlet streams, and the
convergence conditions.

Perform the simulation,
focusing on achieving the
previously established
specifications.

Evaluate the obtained
SV LRGN (0Tl a: Non-Convergence
charts, comparing them
with the results from other

b: Convergence

operating conditions

Fig. 1. Procedure used to simulate the process.

To better assess the performance of the process, sodium
hydroxide solutions with four different concentrations were
used as the solvent. The performance was evaluated based on
the increased CH, recovery capacity, specifically the
methane content in the top stream of the absorption column.
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The performance was measured using Eq. (6).

%Rec =1YE.100 (6)
Yr

The data obtained from Eq. (6) led to the identification of
operating conditions that optimize separation capacity
through physical absorption. The resolution methods
involved defining a thermodynamic model to calculate
equilibrium constants, determining vapor pressure using the
Antoine equation, and deriving equations to calculate
enthalpies and excess Gibbs free energy. Given the reduced
fractions of solutes in the gas stream, the equilibrium
equation based on Henry’s law was applied. Following these
steps, feed conditions and corresponding specifications
necessary for simulating convergence were established.

Additionally, operating efficiency was defined within
specific ranges to ensure a comprehensive analysis of
simulation results. The operation was simulated to gather data,
which were evaluated in this study, focusing on the molar
fraction profiles of the solutes under various operating
conditions. Special attention was given to the concentrations
of CO; and H,S, as they influence the recovery capacity of
these solutes in the biogas generated from anaerobic biomass
digestion processes.

IV. RESULT AND DISCUSSION

The results of the numerical studies were presented
through graphical analysis for various evaluated conditions,
highlighting the importance of absorption processes in the
quality of the obtained products and their impact on
combustion quality, particularly in terms of reducing gas
emissions. The study involved individually analyzing the
recovery degree of each solute, measured through their
respective mole fraction profiles, while exploring the effects
of the solvent flow rate to gas feed flow rate ratio (S/F), for
different concentrations of the reagent (NaOH). These
analyses enabled the identification of the most suitable
parametric relationship for the recovery degree of each solute,
ensuring the purity of CH, (g) compatible with the
specifications contained in the technical standards.

A. Recovery of H>S

Hydrogen sulfide (H,S) is one of the main components
naturally present in raw natural gas. During combustion
processes, H,S reacts with water to form sulfuric acid. Due
to its low solubility in water, studies of mass transfer
processes with chemical reactions focus on absorption,
involving appropriate reagents such as NaOH, as used in this
study.

Fig. 2 illustrates the behavior of the H,S fraction as a
function of the S/F ratio for different concentrations of the
reagent. The range of evaluated parameters was expanded to
identify the conditions that ensure maximum solute recovery.
For the four assessed operating conditions, better
performance is observed for a NaOH concentration of 2.5%,
which decreases with increasing concentration of this reagent.
However, lower process performance is associated with a
higher concentration of the reagent (10%), likely due to
exceeding the limits established in the relationship between
excess reagent and limiting reagent. For all evaluated cases,
the S/F ratio that maximizes H,S recovery lies between 3 and
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4 (Fig. 2).
0.05
¢
% --25%NaOH --e--5%NaOH 7.5% NaOH == = 10% NaOH
0.04 v
o
LIl
weon
[
= 0.03 Wy
Q T
T W
= (R
0.02 LA
[V}
[ )
® o\
L)
0.01 A
AN
W
LS N
0 R
0.5 25 45 6.5 8.5
S/F Relation

Fig. 2. Degree of H,S recovery as a function of reactant mass and S/F ratio.

The performance depicted in Fig. 2 underscores the
importance of optimizing solvent usage to minimize the
production of industrial waste, which significantly impacts
the environment. This necessitates the implementation of
suitable effluent treatment stations for the purification of
secondary streams involved in industrial processes.

B. Recovery of CO;

Carbon dioxide (CO,) is a gaseous chemical compound
that contributes to the greenhouse effect and Earth’s climate
change. This gas negatively impacts combustion processes,
leading to a reduction in energy efficiency. This is because
part of the energy contained in biogas must be used to
mitigate the effects associated with the presence of CO,,

thereby decreasing the overall efficiency of the process.
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Fig. 3. Degree of CO, recovery as a function of reactant mass and S/F ratio.

A study was conducted on biogas purification, focusing on
the recovery of CO,, a solute with low solubility in water.
The study involved chemical absorption simulation, using
NaOH dissolved in varying proportions in water as the excess
reagent and CO, as the limiting reagent. The results are
presented in Fig. 3, for four different concentrations of the
reagent and various values of the S/F ratio.

According to the data (Fig. 3), the process performance is
more pronounced with reagent concentrations of 2.5% and 5%
NaOH, up to an S/F ratio of 7. Values of the S/F ratio greater
than 7 show the stability of the molar fraction of carbon
dioxide evaluated in this work.

The performance associated with reduced reagent
concentrations indicates the need for subsequent treatment
processes to handle the lower volumes of reaction products.
The S/F ratio with the highest performance observed in Fig.
3 correlates with the CO, levels produced in anaerobic
digestion processes. These processes require intensified
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solvent flows to meet the demands of the biological
conversions observed in anaerobic digesters.

C. Purification degree of CHy

The reduction of solute content (H,S and CO,) observed
in Figs. 2 and 3 leads to an increase in methane (CH,)
concentration, reaching the limits established by technical
standards for the use of biogas in internal combustion systems.
Fig. 4 illustrates the evolution of methane fractions with
increasing S/F ratio and for different concentrations of the
limiting reagent used in this study. It is noted that the S/F ratio
of 7 exhibits the highest performance, which remains stable
for subsequent values. However, at this S/F ratio (7), the
highest molar fractions of methane were obtained with a
reagent concentration of 10%. This condition is
disadvantageous due to the pronounced need for significant

volumes of reagents for the treatment of secondary streams in
this process.
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Fig. 4. Degree of purification of CH, as a function of reactant mass and S/F
ratio.

D. Process Performance

Fig. 4 demonstrates that the process was most effective for
reduced reagent concentrations (2.5%) up to an S/F ratio of 4.
Beyond this ratio, the best performance was associated with
the use of a reagent with 10% NaOH, up to the limit of the
studied parameters. However, the study was conducted
isothermally at a temperature of 30 °C. Evaluating the effect
of temperature on the process performance is necessary to
better define operating conditions that ensure qualitative
improvement of this process.
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E. Temperature Effect

Considering the process performance obtained with an S/F
ratio of 4, a reagent concentration of 5%, and an operating
temperature of 30 °C, the first two parameters (NaOH
concentration and temperature) were fixed. The evolution of
CH,4 concentration in the top stream of the absorption column
was then evaluated for a temperature range between 10 °C
and 60 °C.

The effects of reagent volatilization as a function of
temperature were considered, and a reduction in CH,
fractions in the top stream was observed, as shown in Fig. 6.
To increase process performance, temperatures below 30°C
are required to ensure high CH4 content in the top of the
absorption column, complying with international technical
standards for using biogas as a biofuel in Angola’s energy
matrix. In absorption processes, temperature significantly
impacts the solubility of gases in the absorbent solvent. As
temperature increases, the solubility of CO, and H,S in the
solvent generally decreases. Additionally, temperature
influences the kinetics of the absorption process. Lower
temperatures, typically, slow down the rate at which CO, and
H,S are absorbed into the solvent, prolonging the contact
time needed for efficient separation.
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Fig. 6. Effect of temperature on the degree of CH, purification.

Operating at lower temperatures may require additional
energy input for cooling, which could increase operational
costs.

V. CONCLUSION
Based on the development of this study, the following
conclusions can be drawn:

a) Sodium hydroxide, when used as a reagent in chemical
absorption processes, demonstrates good performance
in the simultaneous recovery of solutes such as
hydrogen sulfide and carbon dioxide, even at low
reagent concentrations;

b) The proposal to use this reagent in biogas purification
processes focuses on cost minimization for physical
absorption processes, which typically require two
specific columns due to the absorption capacity of the
physical solvents involved;

¢) The innovation and contribution of this work lie in the
need to implement chemical absorption processes as a
strategy for the simultaneous recovery of solutes from
biogas production through anaerobic digestion. In the
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pursuit of alternative energy sources, chemical
absorption significantly reduces the costs of such
processes;

d) The effects of temperature and the S/F ratio, combined
with absorption parameters, result in greater mass
transfer efficiency and ensure the optimization of
industrial ~ units, improving overall  process
performance;

e) Further studies should be conducted to obtain
experimental data, at bench or pilot scale, to validate
the results of this work and explore other reagents
capable of maximizing absorption rates while
reducing associated costs;

f) Therefore, this work highlights the importance of
numerical studies in evaluating industrial processes,
serving as a starting point for solving industrial
problems, where the results demand high parametric
sensitivity, requiring the use of appropriate tools.

g) Each component behaves differently along the
absorption column, depending on the kinetics of the
involved reactions and individual mass transfer rates.

NOMENCLATURE
a) Yr1: Gas mole fraction in the top of column;
b) Ys: Gas mole fraction in the bottom of column;
c) %Rec: Recuperation;
d) EDTA: Ethylenediaminetetraacetic acid;
e) Fe/EDTA: Catalytic solution.
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